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Attitude Control Thruster
Plume Flow Modeling and Experiments

G. Dettleff,* R.-D. Boettcher,* C. Dankert,* G. Koppenwallner,}
and H. Legge}
DFVLR Institute for Experimental Fluid Mechanics, Gottingen, Federal Republic of Germany

A plume flow model has been developed to calculate the impingement forces and heat transfer caused by the
firing of attitude control thrusters on satellites. Its validity for the inviscid core flow was tested and verified by
an experimental study including pitot pressure and velocity measurements in plumes with different pure test
gases. Measurements in real hydrazine thruster plumes allowed the determination of essential data (especially an
effective ratio of specific heats) necessary for the description of this flowfield.

Nomenclature
Ag =cross section of nozzle exit
Ap,Apnea =plume constant!
Ap exp =plume constant, determined by experiment
=factor of proportionality in Eq. (12)
CpsCy =specific heats at constant pressure and volume,
respectively
dA =surface element
d, =diameter of pitot probe
Ig =distance from nozzle throat to nozzle exit
m =mass flow
M =molecular mass
Ma =Mach number
n =surface normal vector
Do =stagnation pressure
Pn =pitot pressure
Po =pitot pressure on centerline
=(specific) gas constant
Reg =nozzle Reynolds number,
Reg=pg-ug-lg/u(Ts)
r =radius, polar coordinate
r* =nozzle throat radius
rg =nozzle exit radius
T, =stagnation temperature
u =velocity
u* =velocity at nozzle throat
Up =velocity at nozzle exit (isentropic flow)
Ueyp =velocity determined by experiment
Ulim =maximum gas velocity V2«/(k—~1)-R-T,
Xo =virtual source point of streamlines
X,y = coordinates
Vb =plume boundary coordinate
Of =boundary-layer thickness at nozzle exit
0 =angle, polar coordinate
N =angle between plume axis and streamline,
which separates the isentropic core and the
boundary-layer expansion region
Oim =maximum expansion angle
0, =angle between surface normal and streamline
(Fig. 9)
K =ratio of specific heats
=viscosity
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T =3.14...

o =density

PE =density at nozzle exit

Py =density in stagnation chamber
p* =density at nozzle throat
Subscript

hy =hydrazine plume

Introduction

O determine the plume flow and impingement effects

caused by the firing of attitude control thrusters on
satellites, an extensive study is being performed at the DFVLR
Institute for Experimental Fluid Mechanics. In the recent
years, a model has been developed and implemented as a com-
puter code to determine all of the relevant flow quantities as
well as forces and heat transfer due to impingement. A com-
plete description of the model has been presented by Boett-
cher, Legge, and their colleagues.!?

In an experimental study, pure test gases were used to verify
the model description and to test the influence of various
parameters on the plume flow behavior. Moreover, ex-
periments were performed in hydrazine thruster plumes to ob-
tain input data for the model calculation and to demonstrate
its applicability to the realistic case.

In this paper, we present essential features of the model with
respect to impingement problems and we report on ex-
periments to verify the model description of the density and
velocity in the inviscid continuum regime of the plume.

Model

Basic ideas of the model for the continuum flowfield have
been adopted from Simons? and Boynton.* The plume flow is
subdivided into the isentropic core and the boundary layer
expansion region (Fig. 1). The edge of the boundary layer ex-
pansion region is defined by the angle 6,, which depends
essentially on the nozzle boundary-layer thickness. The
streamlines are straight lines with the origin in the center of the
nozzle exit. For reasons of easy computation, the flow is cut
off at the maximum expansion angle 6,,,,, which is obtained
assuming a two-dimensional Prandtl-Meyer expansion at the
nozzle lip.

Continuum as well as transition and free molecular flow are
treated in the model. The latter are, however, not subject of
this paper.

The density p and the gas velocity « are the most importar}t
flow quantities with respect to impingement effects. Their
careful determination is indispensable when dealing with im-
pingement problems. In this paper, the model description of
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these two quantities and their experimental determination in
the expansion flow of the isentropic core are presented.
In the continuum flow regime the density p (r,0) is given by?

p1p" = Apmoa (17/7)?-(0) M
with
f(0)=cosl/(x—1)( -0 ) o
2"0lim

the density distribution function for the isentropic core
0=<6=<§, (Fig. 1), and

Ap=u/(2 uyy)

oim
SO' £(6)-sing-d8 3

Equation (3) is derived from the continuity equation relating
the nozzle flow at the throat to the plume flow in the far field
where u = uy;;,. The angle 6, and, therefore, the integral in Eq.
(3), depends on the nozzle boundary-layer thickness!

85 =6.25/Reg Iy @
with the nozzle Reynolds number
Rep=pg-ug-le/p(Ty) (%)

Therefore, for fixed nozzle geometry, the plume constant 4,
depends on Re; and «, the ratio of specific heats,

Ap=Ap(Rep k) (6)

Knowing p and the stagnation conditions, the gas velocity # in
the isentropic core can be calculated by means of the equations
for a perfect-gas flow.?

Experiments

The experiments have been carried out in the third test sec-
tion of the DFVLR vacuum wind tunnel in Gottingen (using
pure test gases) and with real hydrazine thrusters at the
facilities of the German aerospace company MBB/ERNO.
The setup and the nozzles are sketched in Fig. 2.

For the tests with pure gases the stagnation pressure p,
could be varied up to 16 bar and a heater allowed to attain
stagnation temperatures T, up to 800 K. Both quantities were
adjusted to simulate realistic nozzle Reynolds numbers [Eq.
(5)] as for hydrazine thrusters.

Typical mass flow rates are of the order of 1 g/s. Roots
blowers with a pumping capability of 30 m3/s provided a
vacuum chamber pressure of typically 0.01-0.05 mbar. Due to
this background pressure, only a limited gas expansion is
possible. The unavoidable barrel shock system (Fig. 2)
restricts our measurements in this study to the isentropic core
region and did not allow an investigation of the boundary-
layer expansion region.

The gas velocity u was measured directly with an ““ion time
of flight’’ technique using an electron beam of about 18 keV.
Molecules of the expanding plume gas are ionized and
detected further downstream with a tungsten wire probe.
Shifting the probe by Ar and measuring the corresponding
flight time A7 directly delivers the velocity u=Ar/Af along a
streamline.

When the gas velocity and the ratio of specific heats are
known the density can be determined by means of pitot
pressure measurements. In the hypersonic plume flow, the
pitot pressure p,, can be approximated by

k+3 1
—peu? 7
k+1 2 pru U

Pp=
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Fig. 2 Experimental setup for gas velocity and pitot pressure
measurements. Nozzles: a) 10 deg conical nozzle, by MBB/ERNO 0.5
N hydrazine thrust nozzle (15 deg).

For the measurements of p,, we use probes with diameters
d, =2, 6, and 20 mm depending on the rarefaction of the flow
A traversing mechanism allowed the probes to move along the
axis and perpendicular to it. For the model testing, especially
of Eq. (1), we used the pure gases CF,, N,, and Ar. These
gases cover a large range of the most sensitive parameter «
(ratio of specific heats). Moreover pitot pressure mea-
surements were performed in the plume of the MBB/
ERNO 0.5 N monopropellant hydrazine thruster to obtain in-
put data for the model calculation.

Results

Experiments with Pure Gases

The gas velocity has been measured in plumes emanating
from the 10 deg conical nozzle (Fig. 2). The results of the
measurements in the region x/rg>20 (rg is the nozzle exit
radius) are listed in Table 1. Here the velocity has been found
to be constant everywhere on the plume axis at fixed stagna-
tion conditions. The comparison of u,,, and

/ 2k
Upm = _(_K——l) ‘R- TO (8)
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Table 1 Velocity measurements on the plume axis
(x/rg>20, 10 deg conical nozzle)

Uexp

Pos Ty, Uexp» Ulim >
Gas K bar K m/s m/s Ujim
N, 1.4 1.25 294 772 781 0.99
4.0 295 759 782 0.97
8.0 290 794 776 1.02
CF, 1.14 1.25 821 1117 1123 0.99
N, 1.4 3.25 812 1304 1298 1.00
AR 1.67 3.25 813 980 917 1.07

shows that we have realized the maximum gas velocity uy;,, for
a perfect gas. Therefore, we can define the region x/r;>20 as
the far field with u= uy, and practically straight streamlines.

This result is in agreement with the model, where the veloc-
ity u in the isentropic core is decribed by

ye ‘ 2¢:R-T, ©)
"N (k- 1)+2/Ma?

For x/rg =20 we find in the plumes behind the 10 deg nozzle
Ma > 10. In this case k — 1>2/Ma? in Eq. (9), so that Egs. (9)
and (8) become practically identical. The difference is smaller
than 5%.

The variation of the nozzle Reynolds number by means of
the variation of the stagnation pressure p, with NV, as test gas
shows no particular influence of Rep on u,, for
5x 10> <Rep<2x10%.

For the pitot pressure measurements we used the 15 deg con-
ical nozzle (nozzle of the MBB/ERNO 0.5 N hydrazine
thruster). In Fig. 3, we show two axial pitot pressure profiles
measured in plumes with N, as test gas. The different stagna-
tion pressures p, correspond to different nozzle Reynolds
numbers Reg.

For x/rp>20 we are in the far field, i.e., the maximum gas
velocity u;,, is reached. Then we can approximate the pitot

107! T
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10 I~ ~ -
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3 30 mm - 300
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Fig. 3 Axial pitot pressure profiles (nozzle MBB/ERNO 0.5 N, test
gas N,, T,=300 K, parameter p,). Approximation p,/p,=
b-*2/(x—xy2), x/rg>20.
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pressure p, by

Pp=—"""—"p Uiy (10)

For the density along a streamline, we obtain
p~1/(x—xp)* Qay

with x, as virtual source point position of the streamlines. The
combination of Eqs. (10) and (11) yields (with proper scaling
factors),
*2
Po b- _r___z. 12)

Po (x—xp)
Since p,,, Py, X, and r* are measured, we can determine x, and
the factor of proportionality b by a best fit approximation.

The values of b and x, for three axial profiles are listed in
Fig. 3. We consider b as the essential quantity describing the
pitot pressure distribution along the plume axis. The virtual
source point positions x, differ only slightly from the model
value x, =0.

Using Eqgs. (8), (10), the ideal-gas equation

Po=po-R-Ty (13)
and
* —1\ ~Vx~1)
LA <1+ £ ) (14)
Po 2
with Eq. (12), we get
*2
p A
—p—;:AP,exp —x)? 15)
with
A =b ! (16)
Pee T (k)
k+3 K ( x—l)—ux—n
= . 1+ 17
S =T 2 17

Comparing Eqgs. (1) and (15) we find that A, which describes
the density along the plume axis, can be determined by means
of b, obtained from the measured axial pitot pressure profiles,
and a known function f(x) [for §=0, f(#) =1 in Egs. (1) and
1.

When the nozzle geometry is fixed, we have for equilibrium
flow

Ap=Ap(Reg,«) (18)

In the following we investigate 4, (Reg) for constant « and
Ap(x) for fixed Reg.

In Fig. 4 Ap is plotted vs Rey. The test gas is N, (constant
«). The results for T, = 300 K have been obtained from profiles
as shown in Fig. 3. Larger values of A, have been obtained
for the elevated stagnation temperature T, =800 K. The result
Apmoa =f(Reg) of the model calculation is qualitatively cor-
rect. The deviations between Ap .4 and Ap.,, exceed in only
one case 15%. Nevertheless, it seems to be necessary to in-
troduce the dependence A, (T,) for fixed Rez and a possible

* nozzle wall temperature influence into the model.

In a second experimental series, A, was investigated as
function of « (Fig. 5). With respect to the foregoing results,
the Reynolds number Re; was kept constant in the ex-
periments. This was achieved by proper adjustment of p, at a
constant stagnation temperature of 7, =800 K. CF, (x=1.14),
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Fig. 4 Ap as a function of Re; (MBB/ERNO 0.5 N nozzle, test gas
N,).
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Fig. 5 Ap as a function of x (MBB/ERNO 0.5 N nozzle, three dif-
ferent test gases, 7 =800 K, Rez =3600).

N, (k=1.4), and Ar(k=1.67) were used as the test gases. The
deviations between the model and experimental results are ac-
ceptable for k< 1.4; however, the deviations are larger for Ar.
In the corresponding velocity measurements, we have found
Ueyp > Uy, IN argon plumes, which might indicate condensa-
tion in the expansion flow.

Experiments with Hydrazine Thruster Plumes

Pitot pressure measurements were also performed in
hydrazine thruster plumes (MBB/ERNO 0.5 N thruster, Fig.
2). By means of the evaluation of the axial profiles, we ob-
tained b as in the experiments with pure test gases by assuming
u=uyy for x/rg>20. The determination of Ap ., =b/f(x),
however, requires the determination of the (unknown) ratio of
specific heats «, which is the most sensitive parameter in the
model description.

Hydrazine (N,H,) is decomposed according to the follow-
ing main reactions®:

3N,H,—4NH, + N, + 80.15 kcal (19)
4NH, —2N, + 6H, — 44 keal (20)

The composition of the gas in the combustion chamber, its
ratio of specific heats, and its temperature 7, depend essen-
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tially on the unknown dissociation degree of NH;. If the first
reaction alone takes place, then 7, = 1649 K. If NH; is decom-
posed completely, 7, =867 K.

By means of the results of the pitot pressure measurements,
it was possible to determine an effective ratio of specific heats
for the hydrazine plumes. The objective is to interpolate «p,
for the MBB/ERNO 0.5 N hydrazine thruster plume by means
of by, obtained from the axis pitot pressure profiles.

In Fig. 6 b is shown as function of «, obtained from ex-
periments with the 15 deg conical nozzle (MBB/ERNO 0.5 N
thruster nozzle, Fig. 2) using different test gases. These ex-
periments have been described in the foregoing section.

The value of by, for Re = 3600 has been interpolated from
the curve of b, =f(Reg) in Fig. 7. For each value of p, only
a certain range of Reg could be determined, since the viscosity
u(Ty) in Eq. (5) depends on the dissociation of NH; [Eq.
(20)]. We have calculated u(7,) for complete dissociation
with 7,=867 K and for the case of no dissociation with
T, =1649 K. The corresponding range of Re is indicated by
the horizontal bar for each value of p,. For Re; =3600 we ob-
tain bp, =13 and, by means of this value, we interpolate
Kyy = 1.37 in Fig. 6.

We consider «,=1.37 for the exhaust gas as an effective
ratio of specific heats. This value has been derived from the
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Fig. 6 b as a function of x (MBB/ERNO 0.5 N nozzle, three dif-
ferent test gases, 7o =800 K, Rep=23600, interpolation of x,, by
means of by, from Fig. 7.
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Fig. 7 by, as a function of Reg (MBB/ERNO 0.5 N hydrazine
thruster). Bars correspond to the possible range of Rey for fixed p;.
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gas expansion behavior and not from a measurement of the
specific heats ¢, and c,.

The ratio of specific heats influences the shape of the
transverse profiles p (0) for fixed r according to Eq. (2) for the
function f(6). Figure 8 compares two normalized transverse
pitot pressure profiles that were obtained from the ex-
periments and from a model calculation with x=1.37. In the
far field, it is p,, ~p and

0

elim

Do () ~f(y)-cos?«-1 <l 21

for a fixed coordinate x[f(y) is a simple geometric function].
The agreement between the two normalized profiles is good,
thus confirming the validity of f(8) in the isentropic core with
«=1.37.

To apply Eqgs. (12) and (21) to the evaluation of pitot
pressure profiles, the gas velocity must have reached its max-
imum. Due to safety requirements, we could not use the time-
of-flight method (18 kV d.c.) for the measurement of u,,, in
the MBB/ERNO facilities during the thruster firing. Never-
theless, a mean gas velocity can be estimated by the evaluation
of transverse pitot pressure profiles. Rewriting Eq. (7) yields

u="2 k+1 1 2)
prU= 3 P u

T T
B experiment
& model
- ) ~Xu
10 o° ¢ ® v Y] 3 . o 1
o 0
P2 g o g
Puc
05t 1y 4
r
[¢]
X
0 1 :
-20 -10 0 mm 20

y ———

Fig. 8 Normalized pitot pressure profiles p,,/p,; 4 as function of y
(MBB/ERNO 0.5 N hydrazine thruster, p; =15.7 bar, x/r; =32).
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Fig. 9 Plume cross section with surface element d4 and plume
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By integration over the whole plume cross section (Fig. 9), we
obtain the total mass flow,

. k+1 1
gplume p'u'COSt9,, dA=m=2 k+3 Splume __u—.ptzhcoso"'dA

Cross Cross

section section (23)

Using cosf, ~1, i.e., assuming that the angle between the
streamlines and the surface normal 7 is small (actually 8, <25
deg at y,, Fig. 2), and regarding u as the mean velocity over
the plume cross section, # can be taken in front of the integral
in Eq. (23)

2 k+1
m  k+3

U=

S Pp-dA (24)
plume

cross
section

The evaluation of two transverse pitot pressure profiles,
measured at x/r; =8 and 16 yields for Rep = 3600

1 =2300...2600 m/s

This result can also be obtained by Eq. (8),

2k

Ujim =

1 -R-T,~=2400 m/s

if we use «,y = 1.37 (determined previously), R =638 J/kg-K,
and T, = 1200 K deduced from heat transfer measurements in
the same hydrazine thruster plume’ for Reg~3600. Similar
results for the gas velocity are obtained in a more accurate
estimate,’

Conclusions

To verify an existing plume flow model an experimental
study is under way at the DFVLR in Gottingen. In this paper,
we have reported on a study of the density and velocity
distribution in the isentropic core. Different pure test gases
and conical nozzles were used. Parameters were the nozzle
Reynolds number and the ratio of specific heats.

The far-field assumption of the model was verified. This
means that the maximum gas velocity is reached and that the
streamlines are straight except for a small region immediately
downstream of the nozzle. Their virtual source is in the vicin-
ity of the exit.

The density distribution along the plume axis was verified
for different gases and nozzle Reynolds numbers. Both the
density and velocity are of particular interest, since they essen-
tially determine the impingement effects due to the thruster
firing. The experimental results for the relation between the
density and Reynolds number show that the stagnation and
nozzle wall temperature should be introduced into the model
as parameters.

Measurements in hydrazine thruster plumes allowed the
determination of an effective ratio of specific heats for the ex-
haust gas with unknown composition. The value «;,, =1.37 of
this most sensitive parameter of the plume flow has been ob-
tained from the gas expansion behavior and is therefore called
effective.

The gas velocity in hydrazine thruster plumes was estimated
by the evaluation of pitot pressure measurements. The results
are in agreement with a calculation using the equation for the
maximum gas velocity.

The results of this study verify the model description for the
two essential flow quantities (with respect to impingement
problems) p and u in the isentropic core flow. It is remarkable
that the perfect-gas equations with constant gas properties
(especially « = const) can be applied though chemical reactions
and freezing of molecular degrees of freedom are likely to take
place at least in the nozzle.
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